Disease resistance genes encoding intracellular immune receptors of the nucleotide-binding 2 and leucine-rich repeat (NLR) class of proteins detect pathogens by the presence of pathogen 3 effectors. Plant genomes typically contain hundreds of NLR encoding genes. The availability 4 of the hexaploid wheat cultivar Chinese Spring reference genome now allows a detailed study 5 of its NLR complement. However, low NLR expression as well as high intra-family sequence 6 homology hinders their accurate gene annotation. Here we developed NLR-Annotator for in 7 silico NLR identification independent of transcript support. Although developed for wheat, we 8 demonstrate the universal applicability of NLR-Annotator across diverse plant taxa. Applying 9 our tool to wheat and combining it with a transcript-validated subset of genes from the 10 reference gene annotation, we characterized the structure, phylogeny and expression profile of 11 the NLR gene family. We detected 3,400 full-length NLR loci of which 1,540 were confirmed 12 as complete genes. NLRs with integrated domains mostly group in specific sub-clades. 13
Background 1
With the availability of pseudo-chromosomes, which represent 94% of the predicted 1 wheat genome size, most NLR loci can now be placed in the physical context of their 2 location on the chromosome. The foremost practical implication of this is to take 3 advantage of available mapping data and other resources to accelerate the 4 identification of functional disease resistance genes. Annotated NLR loci were found 5 to preferentially locate at the telomeres of each chromosome ( Figure 1 ) and cluster 6 together. More than 400 of the 3,400 observed loci are in a proximity of less than 5 kb 7 to another locus. Half of all loci are in a distance of less than 50 kb to another locus 8 (Figure 1 ). The NLR loci are distributed over all chromosomes and the number of NLR 9 loci per chromosome ranges between 29 (chromosome 4D) and 280 (chromosome 10 4A). No clear preference of NLR numbers towards one homeologue within each group 11 could be observed (Table S2) . 12
To demonstrate the potential practical advantage of our resource, i.e. 13
annotated NLR loci with a physical position on pseudo-chromosomes, we searched 14 the literature for leaf rust and stem rust resistance genes that have been genetically 15 mapped in wheat but not yet cloned. Most genes have been mapped in accessions 16 other than the reference accession Chinese Spring and most resistance genes may 17 not have a functional allele in Chinese Spring. Nevertheless, we hypothesized that in 18 many cases, a non-functional allele or close homologue may be present, the sequence 19 of which could then be used to speed up the cloning of the functional allele from the 20 resistant accession. 21
To explore the suitability of this approach, we searched the Chinese Spring 22 genome for homologues of several cloned R genes, namely Sr22, Sr33, Sr35, Sr45, 23 In the subsequent analyses which involve gene models, we proceeded with 1 those genes that resemble a complete NLR gene including the P-loop [59] , at least 2 three consecutive motifs associated with the NB-ARC domain (motifs 1, 6, 4, 5, 10, 3, 3 12, 2) and at least one LRR-associated motif (motifs 9, 11 or 19). Our analyses are 4 thus conducted with a fixed set of 1,540 NLR related genes (Table S5) , a number 5 which is most likely an underestimate of the total NLR gene content. Manual curation 6 would likely be required to obtain a more precise estimate of the total true NLR 7 complement. 8 9
Phylogenetic analysis of wheat NLR genes 10
NLRs constitute a large gene family and only for a very few individual genes has a 11 function been assigned. A phylogenetic analysis provides a means to order this large 12 number of genes with respect to their sequence relationship and arrange them into 13 sub-families. We set out to establish this order and look for common features in various 14 clades of the NLR gene family, which may hint at common functional attributes. 15
We extracted the NB-ARC domains from NLR protein sequences and 16 calculated their phylogenetic relationships. For this analysis, we used the 1,540 genes 17 rather than loci due to an often-occurring intron within the NB-ARC domain 18 complicating identifiation of the correct, complete open reading frame and subsequent 19 translation without the support of transcript data. Figure 2 shows the NLR phylogeny 20 of Chinese spring with clades highlighted that are discussed in this manuscript. We 21 also marked the closest orthologues of known resistance genes in the tree. Figure 3  22 shows the same phylogeny but in addition displays the structure of each gene 23 highlighting the conserved amino acid motifs of Coiled coil domain, NB-ARC domainand LRRs with brown, blue and green colors, respectively. Integrated domains are 1 marked with different colors (see respective section). 2
We also tried to circumvent the problem of not being able to accurately 3 automate the annotation of an NB-ARC domain. To this end we used only the 4 concatenated amino acid motifs within the NB-ARC domain that were identified by 5 NLR-Annotator. The resulting tree (Figure 4 ) is similar to the tree based on whole NB-6 ARC protein sequences (Figure 2 and 3) . For example, clades with specific features 7 that we identified (see sections below) were mainly preserved in this tree based only 8 on the concatenated NB-ARC motifs. To highlight the similarity between the two trees, 9
we colour-coded NLR loci in the concatenated NB-ARC domain tree corresponding to 10 genes from four distinct clades (denoted B, C', E and G in Figure 2 
trees. 22
Some NLR proteins differ from the canonical NLR structure by having additional 1 integrated domains. This structure has been demonstrated in other plant species [17, 2 18] and has also previously been reported in wheat [63] . It has been proposed that 3 these domains act as a decoy or bait [17, 18] , in which the gene from which the 4 integrated sequence originates encodes for a protein that is a target of a pathogen 5 effector(s). A detailed study of additional domains integrated into NLRs can potentially 6 provide information about effector targets in plant pathogen interactions. 7
We screened the NLR protein sequences for integrated domains. In total, we 8 found 133 of the 1,540 protein sequences carry integrated domains. The most 9 prevalent domains were protein kinases (44 cases), DDE_Tnp_4 (26 cases), and 10 transcription factors (21 cases). Of transcription factors, we found the domains zf-11 BED, WRKY, AP2, CG-1 and zf-RING. A set of seven genes encode for an NLR with 12 an integrated protein kinase followed by a Motile Sperm domain. 13
We then associated integrated domains with the phylogeny of the NB-ARC 14 domains of all NLRs. The clades with accumulated integrated domains are shown in 15 
Tandem NLRs 2
NLRs occuring in tandem can function together. They can be arranged in a head-to-3 head formation in wich the genes are on opposite strands and the distance between 4 gene starts is shorter than the distance between gene ends [65] . 5
We searched for these type of tandem NLR genes in the reference wheat genome. 6
We found 45 NLR pairs with a position as described above and a maximum distance 7 of 50 kb (displayed as internal connectors in Figure 3 ). Twenty-three of those pairs 8 had one mate located in Clade F. Sixteen of the pairs with one mate located within 9 that clade have the other mate in Clade G, which accumulates various integrated 10 domains. (Figure 2) . 11 12
Intron-Exon structure 13
We investigated whether there was any relationship between the phylogeny and the 14 intron/exon structure of NLR genes. In Super Clade I with 589 members, all but three 15 genes have an intron in the NB-ARC domain after the RNBS-A (motif 6) ( Figure 3 ).
NB-ARC domain consisting of an NB-ARC truncated after the RNBS-B and inserted 21
before a complete NB-ARC domain ( Figure S6 ). This organisation could also be 22 interpreted as a case of an NB-ARC with an integrated domain (see above) consisting 23 of a partial NB-ARC. All genes in this clade also have introns between (i) the attached 24 part and the complete domain, and (ii) within the complete domain between RNBSThere are more than a thousand NLRs in a wheat genome, representing 1-2% of the 1 total gene coding capacity [35] . However, the immunity conferred by NLRs comes at 2 a metabolic cost and over-activation of immune responses may give rise to stunted 3 growth [67, 68] . Therefore, we assume that NLR expression would be tightly regulated 4 during development or under stress. 5
We investigated how NLRs are expressed in different tissues, development 6 stages and in response to biotic stress. We used two publicly available data sets 7 containing transcriptomes for multiple tissues and development stages [40, 68] and 8 also generated our own data set using RenSeq on cDNA. The latter included cDNA 9 isolated from roots, seedling leaves, mature leaves, flag leaves, stems, heads and 10 seed. The enrichment procedure may introduce a bias depending on enrichment 11 efficiency. Comparison of data from total RNAseq and RenSeq cDNA of young leaves 12 revealed a (median) 506-fold increase in NLR-associated transcripts in the RenSeq 13 data ( Figure S6 ). Although there was a good general correlation between the two 14 datasets (Pearson r-value 0.7, p-value < 1e-16), the bias introduced by enrichment 15 was significant, indicative of a certain limitation when using the cDNA RenSeq data to 16 study gene expression. Notwithstanding, hierarchical clustering of the different cDNA 17
RenSeq tissue samples showed that the biological replicates clustered together, while 18 the different tissue samples and developmental stages were clearly separated ( Fig.  19   S7 a) . Using the two public RNAseq datasets, which we mined for NLRs, we observed 20 a similar trend in the separation of different tisssue samples ( Figure S7 b and c ) . This 21
indicates that the bias introduced by cDNA RenSeq is sufficiently consistent in all 22 experiments to allow us to proceed to compare NLR expression across tissues and 23 developmental stages. The clearest distinction was observed between the root andtogether or overlapped. On the other hand, the flag leaf samples were clearly distinct 1 from the 3 rd and 7 th leaf stage samples, which, surprisingly clustered more closely with 2 the stem and head samples. 3
We also checked whether NLR expression changes after biotic stress. 4
Plants also respond to conserved pathogen or microbe associated patterns (PAMPs 5 or MAMPs) such as chitin, a constituent of fungal cell walls, or flagellin from the 6 bacterial flagellum. Molecular events that occur during PAMP-triggered immunity (PTI) 7 are highly conserved between dicots and monocots and include rapid production of 8 reactive oxygen species (ROS), MAP kinase induction and defence gene induction 9
[69]. We hypothesised, that as a first layer of defence, the PAMP triggered immune 10 response might also include increased expression of NLRs to help prime the plant 11 defence system for effector triggered immunity. To test this hypothesis, we infiltrated (Fig. S8) . 18
We found that 54 NLR genes for flg22 and 79 NLR genes for chitin were 19 strongly up-regulated 30 minutes after challenge whereas expression levels at 3 hours 20 post challenge were not different from the water treated samples ( Figure S9 ). The 21 upregulated NLR genes were not associated with specific phylogenetic clades. 22
In this study we present the tool NLR-Annotator for de novo annotation of NLR loci. 1
Our tool distinguishes itself from standard gene annotation in that it does not require 2 transcript support to identify NLR-associated loci. NLR-Annotator is therefore a 3 powerful tool for the identification of potential R genes that could be used in breeding 4 for resistance to wheat pathogenes. Very often, however, the funcional copy of an R 5 gene is not present in the accession that was chosen for a reference genome. The 6 positive selection imposed on NLRs often results in extensive accessional sequence 7 and copy number variation at NLR loci [19] [20] [21] [22] . Thus, the corresponding NLR 8 homologue in the wheat reference accession, Chinese Spring, would not be 9 considered by a standard gene annotation. NLR-Annotator, on the other hand, is not 10 limited to functional genes. In our analysis of Chinese Spring, we found 3,400 loci 11 To improve the annotation further would require manual annotation locus-by-7 locus, in each case, taking into account existing gene annotations, mapped transcript 8 data from different sources, and our NLR-Annotator loci. All these data would have to 9 be integrated and inspected to provide bona fide gene models. Given the diversity of 10 NLR complements in different wheat accessions [26] the amount of work required for 11 this effort is considerable. For practical applications such as R gene cloning, our 12 automated NLR locus discovery will in most cases likely be sufficient to identify a 13 candidate gene, which can be annotated ad hoc in the relevant accessions. For 14 studies requiring annotated genes we have to settle for a subset of the actual NLR 15
complement. 16
We set out to investigate the sequence diversity relationships within the NLR 17 gene family in Chinese Spring. It has been well documented that in NLRs the NB-ARC 18 domain is far more conserved than the LRRs. Therefore, phylogenetic studies 19 compare the NB-ARC domains to explore and depict the sequence relationship 20 between NLRs [46, 48, 63]. Extracting NLR domains from NLR loci defined by NLR-21
Annotator is complicated by the presence of introns within domains the boundaries of 22 which can only be defined properly using transcript data. In addition, we were 23 interested in cataloging the occurance and distribution of integrated domains in theor 180 min prior to pulverisation with 2 stainless steel balls in a Geno/Grinder (SPEX). Table S1 . Number of NLR loci found in exemplary plant genomes. 1 Table S2 . Number of NLR loci per wheat chromosome. 2 Table S3 . Candidate NLR loci in Sr and Lr disease resistance gene map intervals 3 projected onto Chinese Spring. 4 Table S4 . NLR loci and overlapping genes from RefSeq annotation v1.0. 5 Table S5 . List of genes that were confirmed to be clomplete NLRs. 6 Table S6 . Domains found in NLR genes. 7 Table S7 . TPM values for NLR genes under biotic stress condition. 8 
